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ABSTRACT
On August 14, 2019, the LIGO and Virgo detectors observed GW190814, a gravitational-wave signal
originating from the merger of a ' 23M black hole with a ' 2.6M compact object. GW190814’s
compact-binary source is atypical both in its highly asymmetric masses and in its lower-mass compo-
nent lying between the heaviest known neutron star and lightest known black hole in a compact-object
binary. If formed through isolated binary evolution, the mass of the secondary is indicative of its mass
at birth. We examine the formation of such systems through isolated binary evolution across a suite of
assumptions encapsulating many physical uncertainties in massive-star binary evolution. We update
how mass loss is implemented for the neutronization process during the collapse of the proto-compact
object to eliminate artificial gaps in the mass spectrum at the transition between neutron stars and
black holes. We find it challenging for population modeling to match the empirical rate of GW190814-
like systems whilst simultaneously being consistent with the rates of other compact binary populations
inferred by gravitational-wave observations. Nonetheless, the formation of GW190814-like systems at
any measurable rate requires a supernova engine model that acts on longer timescales such that the
proto-compact object can undergo substantial accretion immediately prior to explosion, hinting that
if GW190814 is the result of massive-star binary evolution, the mass gap between neutron stars and
black holes may be narrower or nonexistent.
1. INTRODUCTION
The third observing run of the Advanced LIGO–Virgo
network (Aasi et al. 2015; Acernese et al. 2015) has
already yielded unprecedented discoveries: the most
massive binary neutron star (BNS) system (Abbott
et al. 2020a), and compact binaries with significantly
asymmetric masses (Abbott et al. 2020b,c). The most
recently announced event, GW190814 (Abbott et al.
2020c), also had a compact object component that lies
within the observational gap in masses between neutron
stars (NSs) and black holes (BHs), known as the lower
mass gap (Bailyn et al. 1998; O¨zel et al. 2010; Farr et al.
2011; O¨zel et al. 2012). Since no tidal signatures are
measurable in the gravitational-wave (GW) data and
no electromagnetic or neutrino counterpart has been re-
ported (see Abbott et al. 2020c, and references therein),
the nature of the lighter object in the binary is uncer-
tain. Nonetheless, this event establishes that ' 2.6M
compact objects do exist in binaries.
∗ zevin@u.northwestern.edu
The majority of non-recycled NSs in the Galaxy have
masses of ∼ 1.3M (O¨zel et al. 2012; Kiziltan et al.
2013). However, the maximum mass that a NS can
achieve, mmaxNS , is currently uncertain. The Galactic mil-
lisecond pulsar J0740+6620 has a Shapiro-delay mass
measurement of 2.05–2.24M (68% credibility; Cromar-
tie et al. 2020); this has been updated to 1.95–2.13M
when analyzed using a population-informed prior (Farr
& Chatziioannou 2020). The pulsar J1748−2021B has
been estimated to have a mass of 2.52–2.95M (68%
confidence) assuming that the periastron precession is
purely relativistic, but if there are contributions from
the tidal or rotational distortion of the companion,
this estimate would not be valid (Freire et al. 2008).
GW190425’s primary component had a mass greater
than most Galactic NSs, 1.61–2.52M (90% credibility;
Abbott et al. 2020a); while high NS masses of . 2.5M
can be explained theoretically via stable accretion in
low- and intermediate-mass X-ray binary (XRB) sys-
tems (e.g., Pfahl et al. 2003; Lin et al. 2011; Tauris et al.
2011), the explanation for a high-mass component in a
BNS system is open to debate (e.g., Romero-Shaw et al.
2020; Safarzadeh et al. 2020; Kruckow 2020). These ob-
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servational constraints provide key insights about the
NS equation of state (EOS); although candidate EOSs
for non-rotating NSs can have maximum masses that
extend as high as ∼ 3M (Rhoades & Ruffini 1974;
Mu¨ller & Serot 1996; Kalogera & Baym 1996), popu-
lation studies of known NSs (Alsing et al. 2018; Farr
& Chatziioannou 2020), analysis of the tidal deforma-
bility of GW170817 (Abbott et al. 2018; Essick et al.
2020), modeling of the electromagnetic counterparts as-
sociated with GW170817 (Abbott et al. 2017a,b; Kasen
et al. 2017; Cowperthwaite et al. 2017; Villar et al. 2017;
Margalit & Metzger 2017), and constraints from late-
time observations of short gamma-ray bursts (Schroeder
et al. 2020) suggest a maximum NS mass of . 2.7M.
The upper end of the lower mass gap is motivated by
mass determinations in XRB systems (e.g. Bailyn et al.
1998; O¨zel et al. 2010; Farr et al. 2011). Though the
lowest-mass BH candidate to date is between 2.6–6.1M
(95% confidence; Thompson et al. 2019, see also the dis-
cussion in van den Heuvel & Tauris 2020), most BHs
observed in the Galaxy have masses & 5M. Selection
effects may be affecting the observational sample (Krei-
dberg et al. 2012), though it has been argued that such
biases do not affect this broad picture (e.g., O¨zel et al.
2010).
A gap (or lack thereof) in the compact-object mass
spectrum offers insights into the underlying supernova
(SN) mechanism responsible for their formation. In
particular, if instability growth and launch of the SN
proceed on rapid timescales (∼ 10 ms and ∼ 100 ms,
respectively), stellar modeling and hydrodynamic sim-
ulations predict a dearth in remnant masses between
∼ 2–5M (see Fryer et al. 2012; Belczynski et al. 2012;
Mu¨ller et al. 2016). Alternatively, if instabilities are
delayed and develop over longer timescales (& 200 ms),
accretion can occur on the proto-NS before the neutrino-
driven explosion and this gap would be filled (Fryer et al.
2012). The mass distributions of NSs and BHs observed
in our Galaxy provided initial evidence that this phe-
nomenon proceeds on rapid timescales, and such pre-
scriptions were therefore inherited by many rapid pop-
ulation studies examining the properties of NS and BH
systems (e.g., Dominik et al. 2012; Belczynski et al.
2014; Breivik et al. 2016; Rodriguez et al. 2016; Bel-
czynski et al. 2016; Mapelli & Giacobbo 2018; Giacobbo
& Mapelli 2018; Kremer et al. 2019; Neijssel et al. 2019;
Spera et al. 2019; Zevin et al. 2019; Di Carlo et al. 2020;
Rastello et al. 2020; Banerjee et al. 2020). However, re-
cently discovered Galactic compact objects with mass
estimates that extend inside the lower mass gap (e.g.,
Thompson et al. 2019; Wyrzykowski & Mandel 2020)
and population fits to know Galactic BNSs (Vigna-
Go´mez et al. 2018) raise tension with this interpreta-
tion; additional observations could further constrain SN
physics (e.g., Breivik et al. 2019a).
GW190814 offers an unprecedented probe into the
gap of compact object masses between BHs and NSs.
The mass of the binary’s secondary component is
m2 = 2.50–2.67M (90% credibility), making it the
heaviest NS/lightest BH ever identified in a compact-
object binary. The secondary of GW190814 has the po-
tential to provide insights into the SN explosion mecha-
nism, as it is a relatively clean probe of the compact ob-
ject’s mass at birth. Additionally, the more massive pri-
mary component is m1' 23M, making this the most
asymmetric compact binary discovered, with a mass ra-
tio of q = m2/m1' 0.11 (cf. Abbott et al. 2020b).
We investigate compact object formation in the lower
mass gap and the formation of highly asymmetric com-
pact binaries. We focus on the formation of GW190814-
like systems using various standard assumptions for bi-
nary evolution, and if population models can produce
such systems while being consistent with the empirical
merger rates of different compact-binary populations.
We do not make specific alterations to our population
models to preferentially form GW190814-like systems,
but instead explore how uncertain model parameters af-
fect the formation rate and properties of such systems.
In Sec. 2, we give an overview of our population mod-
els and present an updated prescription for determining
remnant masses. We then discuss our model results in
Sec. 3, including the merger rates and formation path-
ways of GW190814-like systems. We explain implica-
tions for binary evolution physics in Sec. 4. Through-
out we assume Solar metallicity of Z = 0.017 (Grevesse
& Sauval 1998) and Planck 2015 cosmological pa-
rameters of H0 = 68 km s
−1 Mpc−1, Ωm = 0.31 and
ΩΛ = 0.69 (Ade et al. 2016).
2. POPULATION MODELS
We use the rapid binary population synthesis code
COSMIC (Breivik et al. 2019b) to examine the properties
and rates of compact binaries.1 We investigate the im-
pact of: initial binary properties, efficiency of common
envelope (CE) evolution, survival in the CE phase, the
determination of remnant masses, and SN natal kick
prescriptions. We describe COSMIC and our model as-
sumptions in Appendix A, and our model variations are
summarized in Table 1. Below we highlight updates to
COSMIC that are pertinent to this work.
2.1. Remnant Mass Prescription
1 cosmic-popsynth.github.io (Version 3.3)
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Figure 1. ZAMS mass–remnant mass relation for single stars in our models across a range of metallicities, using the Rapid (left)
and Delayed (right) SN mechanisms for determining compact-object masses. White dwarfs, NSs, and BHs are distinguished
by dotted, dashed, and solid lines, respectively; at low metallicities, the mass spectrum continues above the upper mass gap
for high ZAMS masses. The approximate lower and upper mass gaps are highlighted with gray bands. Ticks on the left side
of the plot mark the median component masses of compact binaries identified via GWs in the first catalog where they were
reported with an astrophysical probability of pastro > 0.5: LVC (solid lines; Abbott et al. 2019a, 2020a,b,c), IAS (dashed lines;
Venumadhav et al. 2019, 2020) and OGC (dotted lines; Nitz et al. 2019, 2020). Both components in an individual system are
colored by their total mass; the lower-mass component of GW190814 can be seen with the think green tick in the inset panels.
We follow the remnant mass prescriptions from Fryer
et al. (2012) for determining the baryonic mass of the
proto-compact object. The two prescriptions from Fryer
et al. (2012), Rapid and Delayed, are used to map the
results of hydrodynamical simulations to rapid popula-
tion synthesis. The two models differ by their assumed
instability growth timescale (∼ 10 ms and ∼ 200 ms for
Rapid and Delayed, respectively), with the Rapid model
naturally leading to a low-mass gap.
We make a small, but important, change when deter-
mining the final gravitational mass from the baryonic
mass of the proto-compact object; further motivation
and details are in Appendix A.2. Rather than assum-
ing a fixed fractional mass loss of the total pre-SN mass
for BHs as in Fryer et al. (2012), we cap the mass loss
due to neutronization to 10% of the maximum mass
assumed for the iron core, as hydrodynamical simula-
tions show that the mass loss from neutrino emission is
∼ 10% of the iron-core mass rather than the total bary-
onic mass of the compact-object progenitor (C. Fryer
2020, private communication). Combining this crite-
ria with the baryonic-to-gravitational mass prescription
from Lattimer & Yahil (1989) gives
Mgrav =

20
3
[
(1 + 0.3Mbar)
1/2 − 1
]
∆M ≤ 0.1mmaxFe
Mbar − 0.1mmaxFe otherwise
,
(1)
where ∆M = Mbar −Mgrav and mmaxFe is the maximum
possible mass assumed for the iron core, which we set to
5M. This upper limit on the BH mass loss when con-
verting from baryonic to gravitational mass is slightly
larger, though qualitatively similar to the procedure in
Mandel & Mu¨ller (2020). Whether the compact remnant
is a NS or a BH can then be determined by comparing
Mgrav tom
max
NS . We show the ZAMS mass–remnant mass
relation for both our SN prescriptions in Fig. 1.
2.2. Merger Rates and Astrophysical Populations
Determining local merger rate densities from popula-
tion synthesis can be used to directly compare popula-
tion predictions with the empirical rates measured by
LIGO–Virgo. We calculate local merger rates of dif-
ferent compact binary populations in a similar manner
as Giacobbo & Mapelli (2018) and Spera et al. (2019),
described in detail in Appendix B. For compact binary
coalescence class i, the local merger rate (i.e., the merger
rate at redshifts z ≤ zloc = 0.01) across all metallicity
models j is
Rloc, i = 1
tl(zloc)
∫ zmax
0
ψ(z)
∑
j
p(Zj |z)floc, i(z, Zj)dtl
dz
dz,
(2)
where tl is the lookback time, ψ(z) is the star formation
rate density, p(Zj |z) is the likelihood of metallicity Zj
at redshift z, floc, i(z, Zj) is the mass fraction of systems
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born at redshift z with metallicity Zj that merge in the
local universe, and zmax = 15 is the maximum redshift
we consider for binary formation.
To get a representative astrophysical population of
compact binary mergers, we combine the information
from across metallicities for each population model. We
assume that all systems merge at the median measured
redshift of GW190814 (z' 0.053).2 The delay time of
each system thus provides its formation time and for-
mation redshift. We then give a weight to each sys-
tem based on the mass-weighted star formation weight
(Eq. B6) at the formation redshift, the metallicity dis-
tribution (Eq. B8) at the formation redshift, the relative
formation efficiency for the double compact object pop-
ulation in question in the particular metallicity model,
and the relative number of systems formed in a par-
ticular metallicity model. Drawing a subset of systems
based on these weights gives a representative sample at
the merger redshift of GW190814.
3. RESULTS
We explore the properties and rates of compact bina-
ries in our population models, focusing on how standard
population modeling and variations of physical assump-
tions inherent to binary stellar evolution impact the for-
mation rate of asymmetric-mass binaries and mergers
with components residing in the lower mass gap, espe-
cially GW190814-like systems. Given the uncertainty in
mmaxNS , we show combined distributions for all systems
with at least one component having a mass > 3M un-
less otherwise specified.
3.1. Probing the Low Mass Ratio Regime
We find that merger rates drop precipitously as com-
ponent masses become more asymmetric, in agreement
with many other population synthesis studies (e.g., Do-
minik et al. 2012; Mapelli & Giacobbo 2018; Kruckow
et al. 2018; Neijssel et al. 2019, though see also El-
dridge & Stanway 2016; Eldridge et al. 2017). Figure 2
shows the distribution of mass ratio and total mass in
a subset of our populations, with contour lines marking
90%, 99%, and 99.9% of the population. Mass ratios
are concentrated near unity for large total masses; since
the pair instability process limits the maximum mass of
BHs (e.g., Woosley 2017; Marchant et al. 2019; Farmer
et al. 2019), the degree of possible asymmetry decreases
as a function of total mass. For systems with lower to-
tal mass, the mass ratio distribution extends to more
asymmetric configurations, reaching down to q . 0.1.
2 The low merger redshift of GW190814 makes these results a good
proxy for local mergers in general.
Figure 2. Total mass Mtot = m1 + m2 and mass ratio
q = m2/m1 (m2 ≤ m1) distributions of astrophysical popu-
lations for models varying the CE efficiency α and remnant-
mass prescription. For the other model variations, we use
initial conditions from Sana et al. (2012), the Bimodal natal-
kick model, and the Pessimistic assumption for CE survival
(see Appendix A.1). We include all systems with at least one
component having m > 3M in the plotted populations.
Systems are drawn from metallicity models based on the
star formation history and metallicity evolution outlined in
Sec. 2.2, assuming they merge at the redshift of GW190814.
Densities are log-scaled, with contours containing 90%, 99%,
and 99.9% of systems. GW190814’s Mtot and q are shown
with a pink star; error bars are present, but are too small to
be seen compared to the marker.
We do not see a strong difference in the distributions
of total mass and mass ratio when varying the efficiency
of CE ejection. However, for the Rapid SN mechanism
we find fewer mass ratios near q ∼ 0.4, and an island
at lower mass ratios, whereas there is a continuum for
the Delayed SN mechanism. This is a byproduct of the
lower mass gap that is inherent to the Rapid prescrip-
tion; since this gap extends from ∼ 3–6M, a system
with Mtot = 15M cannot have a mass ratio between
∼ 0.2–0.4. However, even with the Delayed SN mecha-
nism we find ∼ 90% of systems to have mass ratios of
q& 0.4. Regardless of our model assumptions, we find
GW190814’s mass ratio and total mass to be an outlier,
lying close to the 99.9% contour for our populations.
3.2. Populating the Lower Mass Gap
The impact of the lower mass gap is more apparent
when examining systems’ component masses. Figure 3
shows the primary and secondary masses of systems
merging at the redshift of GW190814 for a subset of
Exploring the Lower Mass Gap 5
Figure 3. Primary mass m1 and secondary mass m2 for
the same models as in Fig. 2. Systems are colored by their
metallicity. GW190814’s component masses are shown with
a pink star; error bars are too small to be seen compared to
the marker.
our populations. Systems are more sparse when mov-
ing away from equal mass. Although rare, we do find
systems matching the GW190814’s component masses
when using the Delayed prescription, which naturally
populates the lower mass gap. However, it is impossible
to form GW190814-like systems in our models using the
Rapid SN prescription.
In Fig. 4, we show cumulative distributions for the
mass ratio and secondary mass in our populations.
In the full population, we find that one in ≈ 103
systems have a mass ratio similar to GW190814 or
lower (q ≤ 0.12). For systems with a secondary mass
≤ 3M, ≈ 8% of systems have a mass ratio of q ≤ 0.12,
though this drops to ≈ 0.7% when a more efficient CE
is assumed, which is qualitatively similar to findings
from other population synthesis work (e.g., Giacobbo
& Mapelli 2018). For systems with a secondary mass
> 3M, the mass ratio distribution deviates signifi-
cantly when assuming the Rapid SN mechanism com-
pared to the Delayed mechanism. We find . 0.03% of
these systems have mass ratios of q ≤ 0.12 with a De-
layed SN mechanism, whereas these systems are nonex-
istent when assuming a Rapid SN mechanism. The lower
mass gap can be seen in the bottom panel of Fig. 4 as
a plateau in the Rapid models as a function of m2; the
Delayed models, which populate the gap, have a more
gradual buildup. For Delayed models, GW190814’s sec-
ondary mass lies at the ≈ 9-th percentile of the full pop-
ulation for α = 5, and drops to the ≈ 1-st percentile for
α = 1.
Figure 4. Cumulative distribution function for the
mass ratio q and secondary mass m2 for the same mod-
els presented in Fig. 2. Solid lines show the com-
bined population for all systems containing at least one
component with m > 3M, whereas dashed and dotted
lines show the corresponding cumulative distribution func-
tions for the BBH (m1 > 3M, m2 > 3M) and NSBH
(m1 > 3M, m2 ≤ 3M) populations, respectively. The
dotted pink line and shaded region show the median and
90% credible interval for GW190814.
3.3. Compact Binary Merger Rates
Merger rates are a useful diagnostic for comparing pre-
dictions of population synthesis modeling to the empir-
ical merger rate estimated by LVC. Figure 5 shows lo-
cal merger rates of different compact binary populations
for four variations of model assumptions. To compare
with LVC rates, we assume that compact objects with
masses ≤ 3M are NSs, and those with masses > 3M
are BHs. For the four models examined, we find BBH,
NSBH, and BNS merger rates to be consistent with the
measured LVC rate (bands for BBHs and BNSs, upper
limit for NSBHs). We do not expect exact agreement in
rates, since the LVC results were calculated using mass
distributions that are different from our populations.
The single-event rate for GW190814-like systems is
1–23 Gpc−3 yr−1 (90% credible level; Abbott et al.
2020c), and is shown with a pink band in Fig. 5.
To compare our model predictions with the empiri-
cal rate, we choose two approximations for identify-
ing GW190814-like systems in our models: a Nar-
row GW190814-like rate where we choose systems with
0.06 ≤ q ≤ 0.16 and 20 ≤Mtot/M ≤ 30 (pink stars)
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Figure 5. Local merger rates for models where we vary
the CE efficiency and remnant mass prescription. The blue
and orange shaded regions mark the 90% credible level
for the current empirical BBH (Abbott et al. 2019a) and
BNS (Abbott et al. 2020a) merger rates from the LVC, re-
spectively, the green line marks the 90% credible upper limit
for the LVC NSBH rate (Abbott et al. 2019a), and the pink
shaded region marks the 90% credible single-event rate for
GW190814-like systems (Abbott et al. 2020c). Matching
colored symbols mark the BBH (blue triangles), BNS (or-
ange diamonds), and NSBH (green squares) merger rates
from our models, assuming mmaxNS = 3M. Pink symbols
mark the merger rates from our models for systems with
q ≤ 0.2 and Mtot/M ≥ 20 (crosses), and 0.06 ≤ q ≤ 0.16
and 20 ≤Mtot/M ≤ 30 (stars).
and a Broad GW190814-like rate where we choose sys-
tems with q ≤ 0.2 and Mtot/M ≥ 20. In both cases,
we find the local merger rate of GW190814-like sys-
tems to be over an order of magnitude lower than the
empirical GW190814 rate. For example, in our model
with a Delayed SN mechanism and α = 1, we find
a local merger rate of 0.08 Gpc−3 yr−1 for our Broad
GW190814-like assumption and 0.04 Gpc−3 yr−1 for our
Narrow GW190814-like assumption; for a more efficient
CE, the Broad and Narrow rates drop by a factor of 1.8
and 2.4, respectively. Merger rates for our other model
variations are presented in Table 1.
3.4. Formation of GW190814-like systems
We identify two main channels for forming
GW190814-like systems through isolated binary evo-
lution in our population models. These can be broadly
categorized as Channel A, where the primary (more
massive) star at ZAMS becomes the more massive BH
component in the compact binary, and Channel B,
where the primary star at ZAMS becomes the lower
mass object in the compact binary (either a NS or a
BH). Figure 6 shows evolutionary diagrams for exam-
ples from these general channels.
In Channel A, the binary typically starts as a
> 30M primary and > 12M secondary at ZAMS.
The binary evolves without interaction during the main
sequence of the primary. At core helium burning, the
primary overflows its Roche lobe. Depending on the
mass ratio at the time of Roche lobe overflow, the mass
transfer will either proceed stably or unstably, in the lat-
ter case triggering a CE phase (Taam & Sandquist 2000).
The primary then directly collapses into a ∼ 20M BH.
As the secondary crosses the Hertzsprung gap, it over-
flows its Roche lobe and proceeds through highly non-
conservative mass transfer. Since the mass ratio between
the donor star and the already-formed BH is close to
unity, this phase of mass transfer typically proceeds sta-
bly. The naked helium-star does not proceed through
another phase of mass transfer and becomes a NS fol-
lowing its SN. These systems generally have large or-
bital separations at double compact object formation,
and thus to merge within a Hubble time the newly-
formed NS needs to be kicked into a highly eccentric
orbit, typically with a post-SN eccentricity of & 0.9.
In Channel B, the binary starts with a mass ratio of
0.45 . q . 0.7 at ZAMS. The primary fills its Roche
lobe while on the main sequence. This phase of sta-
ble mass transfer donates a significant amount of mate-
rial to the secondary, leading to a mass inversion where
the lighter star at ZAMS becomes the more massive
star. The initially more massive star forms the lighter
compact object before the secondary leaves the main
sequence. Due to the large mass asymmetry between
the already-formed NS and the now-much-more-massive
secondary, when the secondary evolves into a giant and
overflows its Roche lobe, mass transfer proceeds unsta-
bly and initiates a CE phase. The binary significantly
hardens during the CE phase, and the second star di-
rectly collapses into a BH.
At low metallicities, these channels operate with sim-
ilar probability. For metallicities of Z ≤ Z/30, we
find 57% systems in our simulated population with
0.06 ≤ q ≤ 0.16 and 20 ≤ Mtot/M ≤ 30 lead to the
primary ZAMS star becoming the heavier compact ob-
ject, whereas 43% lead to the secondary ZAMS star be-
coming the heavier compact object. At higher metallic-
ities (Z > Z/30) Channel A becomes dominant, with
73% of systems proceeding through Channel A and
27% through Channel B. As the metallicity increases to
& Z/8, GW190814-like systems no longer form since
BH masses are suppressed due to line-driven winds.
Since there are only a small number of GW190814-like
systems in our models, the channels presented here and
their relative likelihood only offer a broad picture of how
systems with properties similar to GW190814 form.
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Channel A Channel B
(Z⊙/18) (Z⊙/18)
ZAMS
t = 0Myra = 17.1AUe = 0.28 20.9M⊙30.0M⊙
ZAMS
t = 0Myra = 0.12AUe = 0.02 22.7M⊙44.6M⊙
23.7M⊙
Merger
t = 12.2Myra = 0.0AUe = 0.0
CHeB +MS
t = 6.6Myr
a = 17.2AU
e = 0.28
20.8M⊙29.8M⊙
MS +MS
t = 3.2Myr
a = 0.12AU
e = 0.0 22.6M⊙44.3M⊙
CHeB +MS
t = 7.0Myra = 12.6AUe = 0.0
20.8M⊙29.1M⊙
CHeB +MS
t = 5.1Myra = 0.11AUe = 0.0
43.3M⊙23.2M⊙
BH +MS
t = 7.3Myra = 19.2AUe = 0.98 21.2M⊙21.4M⊙
He +MS
t = 5.2Myra = 0.41AUe = 0.0 58.7M⊙7.7M⊙
BH + CHeB
t = 9.5Myra = 0.35AUe = 0.0 21.2M⊙21.4M⊙
BH/NS +MS
t = 5.9Myr
a = 9.4AU
e = 0.97 58.5M⊙3.0M⊙
BH + He
t = 10.2Myra = 1.1AUe = 0.0 7.7M⊙21.6M⊙
BH/NS + CHeB
t = 8.3Myr
a = 10.2AU
e = 0.0
53.3M⊙3.0M⊙
BH + BH/NS
t = 10.4Myra = 0.65AUe = 0.99 3.0M⊙21.6M⊙
BH/NS + He
t = 8.3Myra = 0.02AUe = 0.0 23.4M⊙3.0M⊙
24.3M⊙
Merger
t = 24.3Myra = 0.0AUe = 0.0
BH/NS + BH
t = 8.7Myra = 0.01AUe = 0.02 20.7M⊙3.0M⊙
Figure 6. Evolutionary diagrams of two systems following
the dominant pathways for forming GW190814-like systems
in our models, as described in Sec. 3.4. In Channel A, the
more massive star at ZAMS becomes the larger compact ob-
ject, whereas in Channel B the system undergoes a mass
inversion and the higher mass star at ZAMS evolves into the
lighter compact object. Stable mass transfer is denoted by
an arrow from the donor to the accretor, and a CE phase is
apparent in Channel B by the pink oval surrounding the two
stars.
4. DISCUSSION AND CONCLUSIONS
GW190814 is a GW event which challenges compact
binary population modeling, and places new constraints
on the physics of massive-star evolution. We explore the
formation of compact binary mergers with highly asym-
metric masses and components residing in the lower
mass gap. We find that systems with properties simi-
lar to GW190814 can form through isolated binary evo-
lution; however, the predicted formation rates of such
systems are an order of magnitude lower than the em-
pirical single-event rate when considering models that
match the observed rates for other compact binary pop-
ulations. The mass of GW190814’s secondary lies in the
dearth of compact objects between the heaviest NSs and
lightest BHs, and if the result of isolated binary evo-
lution, requires that instability growth and SN launch
proceed on longer timescales than typically assumed.
The most massive Galactic NSs have low-mass stellar
companions, allowing for stable mass accretion on signif-
icant timescales. Thus, the masses of these NSs are not a
direct probe of their masses at formation. GW190814’s
lower mass component likely had minimal accretion af-
ter formation: its mass at merger is indicative of its
birth mass. Even if there was a mass inversion in the
system and the secondary component of GW190814 was
the first-born compact object (Channel B in Sec. 3.4),
the amount of material it could feasibly accrete is limited
by the evolutionary timescale of its massive companion
(which goes on to form a & 20M BH). The amount
accreted by a NS or BH at the Eddington limit is
∆MEdd ≈ 0.03
(
R
10 km
)(
t
1 Myr
)
M (3)
where R is the radius of the compact object (e.g.,
Cameron & Mock 1967). Thus, even for accretion
timescales of O(1 Myr) and reasonable NS radii (Ab-
bott et al. 2018; Riley et al. 2019; Miller et al. 2019),
the amount of mass that the lighter compact object
could accrete is ≈ 0.03M, far too low to bridge the
gap between the canonical 1.3M NS mass and the
' 2.6M secondary of GW190814. While there is evi-
dence of super-Eddington accretion in ultra-luminous X-
ray sources (e.g., Bachetti et al. 2014), it is unlikely that
this could increase the mass of the GW190814’s lighter
object significantly; the post-hydrogen exhaustion life-
time for the progenitor star of a ' 23M BH is only
∼ 0.5 Myr, and mass transfer between the high-mass
companion star and the already-formed compact object
would almost assuredly be unstable due to the system’s
large mass ratio. Thus, even at 10 times the Edding-
ton rate, GW190814’s lower-mass component would not
accrete more than O(0.1)M during the remaining life-
time of its stellar companion.
As a clean probe of the natal mass of compact objects
in the lower mass gap, GW190814 is an exquisite system
for constraining the SN mechanisms that impact com-
pact remnant masses. The secondary’s mass is incon-
sistent with instability growth and SN launch on rapid
timescales (t ∼ 10 ms; see e.g., Fryer et al. 2012; Mu¨ller
et al. 2016); if GW190814’s source formed from isolated
binary evolution, it favors SN launch models where in-
stabilities develop over longer timescale (t ∼ 100 ms).
As we only consider two models for the SN mechanism,
we cannot place a lower limit on the instability growth
timescale. More detailed hydrodynamical simulations
investigating instability growth, SN launch, and how
they connect to compact remnant masses (e.g., Ertl et al.
2020; Patton & Sukhbold 2020) will be needed to deter-
mine a lower limit on the timescales necessary to pro-
duce systems with component masses in the lower mass
gap, and whether there is a critical growth timescale
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that leads to a populated lower mass gap. Semi-analytic
prescriptions and fitting formulae based on these de-
tailed models can then be adopted by rapid popula-
tion synthesis, either using deterministic or probabilis-
tic (e.g., Mandel & Mu¨ller 2020) approaches.
The combination of a highly asymmetric binary with
a low-mass secondary is predicted to be rare in most
rapid binary population studies (e.g., Dominik et al.
2012; Giacobbo & Mapelli 2018; Mapelli & Giacobbo
2018; Kruckow et al. 2018; Neijssel et al. 2019; Spera
et al. 2019; Mapelli et al. 2019; Olejak et al. 2020),
though some population modeling finds compact bina-
ries with mass ratios of ∼ 10:1 to have rates comparable
to near-equal-mass mergers (Eldridge & Stanway 2016;
Eldridge et al. 2017) and may be able to better match
the mass asymmetry of GW190814. Even when we con-
sider SN mechanisms that fill the lower mass gap, our
predicted rate for GW190814-like systems is in tension
with the empirical LVC rate. There are many theoretical
uncertainties in binary stellar evolution with complex
correlations that strongly affect the rates and popula-
tion properties of compact binary mergers (e.g., Barrett
et al. 2018), and we only choose a few to investigate.
It is possible that variations in other uncertain physical
prescriptions, such as the mass-transfer accretion rates,
mass-transfer efficiency, the criteria for the onset of un-
stable mass transfer, and how each of these depend on
the evolutionary stages of the stars involved, may help
to alleviate the discrepancy between the merger rates of
GW190814-like systems and other compact binary pop-
ulations. Observations of compact binaries with unusual
properties (such as GW190814) will be paramount in
constraining uncertainties in this high-dimensional pa-
rameter space.
This work focuses on the formation of systems with
high mass ratios and component masses in the lower
mass gap through canonical isolated binary evolution.
Many other channels have been proposed for producing
the compact binary mergers observed by LIGO–Virgo.
Dynamical formation in dense stellar clusters such as
globular clusters preferentially forms compact binaries
with similar masses (e.g., Sigurdsson & Hernquist 1993),
and thus the formation rate of NSBHs and other com-
pact binaries with highly asymmetric masses are pre-
dicted to be rare (Clausen et al. 2013; Ye et al. 2019;
Arca Sedda 2020). The formation of compact binaries
with highly asymmetric masses may be more prevalent
in young star clusters (e.g., Di Carlo et al. 2019; Rastello
et al. 2020; Santoliquido et al. 2020), though Fragione
& Banerjee (2020) finds the merger rate of NSBH sys-
tems in young massive and open clusters to be three
orders of magnitude lower, similar to the predictions
from old globular clusters. Other formation mechanisms
have been explored for forming highly asymmetric com-
pact binary mergers, such as hierarchical systems in the
galactic field (e.g., Silsbee & Tremaine 2017; Antonini
et al. 2017; Fragione & Kocsis 2019; Safarzadeh et al.
2019), hierarchical systems in galactic nuclei with a su-
permassive BH as the outer perturber (e.g., Antonini &
Perets 2012; Petrovich & Antonini 2017; Hoang et al.
2018; Stephan et al. 2019; Fragione et al. 2019), and
in disks around supermassive BHs in active galactic
nuclei (e.g., Yang et al. 2019; McKernan et al. 2019).
However, the rates and formation properties from these
channels are highly uncertain. Nevertheless, a full pic-
ture of the landscape of compact binary mergers will
require consideration of all these channels, and investi-
gating how physical prescriptions (such as the connec-
tion between the underlying SN mechanism and com-
pact remnant mass) jointly affect population properties,
rates, and inferred branching ratios across these chan-
nels (e.g. Vitale et al. 2017; Stevenson et al. 2017; Zevin
et al. 2017; Talbot & Thrane 2017; Arca Sedda 2020).
The identification of bona fide NSBH systems and other
compact binary mergers with highly asymmetric masses
will help to further constrain the relative contribution of
various formation channels, and the underlying physical
prescriptions inherent to these formation pathways.
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APPENDIX
A. POPULATION MODELS
COSMIC (Breivik et al. 2019b) is based on the single-star fitting formulae from Hurley et al. (2000) and binary
evolution prescriptions from Hurley et al. (2002). Among many updates, COSMIC includes state-of-the-art physical
prescriptions for stellar winds in massive stars (Vink et al. 2001) and stripped stars (Yoon & Langer 2005; Vink &
de Koter 2005), multiple treatments for the onset (Belczynski et al. 2008; Claeys et al. 2014) and evolution (Claeys
et al. 2014) of unstable mass transfer, multiple prescriptions for SN natal kicks (Hobbs et al. 2005; Bray & Eldridge
2016; Giacobbo & Mapelli 2020) with special treatment for electron capture SNe (Podsiadlowski et al. 2004) and ultra-
stripped SNe (Tauris et al. 2015), as well as mass loss and orbital evolution from pulsational pair instabilities (PPIs)
and pair instability SNe (Woosley 2017, 2019; Marchant et al. 2019). Furthermore, COSMIC includes a number variations
for how initial conditions are sampled (Sana et al. 2012; Moe & Di Stefano 2017), which can significantly affect the
properties and rates of compact binary populations. Rather than simulating a predetermined number of systems,
COSMIC runs populations specifically targeted for particular configurations of stellar types (such as BNSs or BBHs that
merge within a Hubble time) until properties of the target population (such as their masses and orbital periods at
formation) have converged (Breivik et al. 2019b), thereby adequately exploring the tails of population distributions.
A.1. Model Assumptions
We investigate five uncertain aspects of binary evolution physics:
1. Initial conditions (primary mass, mass ratio, orbital period, and eccentricity) are sampled either independently
using the best-fit values from Sana et al. (2012) with a binary fraction of 0.7, or using the correlated multidi-
mensional distributions from Moe & Di Stefano (2017). In the multidimensional sampling, the binary fraction is
determined based on the probability that a system with a given primary mass is in a binary.
2. CE efficiency, which determines how easily the envelope is unbound from the system during a CE phase, is
parameterized as in Webbink (1984) and de Kool (1990). We vary the efficiency parameter α, using either α = 1
or a higher value of α = 5 (Giacobbo & Mapelli 2019; Fragos et al. 2019), and use a variable prescription for the
envelope binding energy factor λ (Claeys et al. 2014). A higher CE efficiency will lead to wider post-CE binaries.
3. CE survival is chosen to either be an Optimistic or a Pessimistic scenario. In the Optimistic case, stars that
overfill their Roche lobes on the Hertzsprung gap and proceed through unstable mass transfer are assumed to
survive the CE phase, whereas in the Pessimistic case these systems are assumed to merge (cf. Belczynski et al.
2008). The Pessimistic scenario leads to significantly fewer compact binary mergers, particularly for BBHs.
4. Remnant masses are determined using the Rapid and Delayed prescriptions from Fryer et al. (2012). The Rapid
prescription yields a mass gap between NSs and BHs, whereas the Delayed prescription fills this gap (Fig. 1).
These prescriptions are updated as described in Sec. 2.1 and Sec. A.2.
5. SN natal kicks are determined in two ways. In the Bimodal prescription, iron core-collapse SNe kicks are drawn
from a Maxwellian distribution with a dispersion of σ = 265 km s−1 (Hobbs et al. 2005), whereas electron-capture
SNe and ultra-stripped SNe are given weaker kicks drawn from a Maxwellian distribution with a dispersion of
σ = 20 km s−1 (e.g., Podsiadlowski et al. 2004; van den Heuvel 2007; Tauris et al. 2015; Beniamini & Piran 2016,
see Breivik et al. 2019b for more details). The second kick prescription uses the scaling based on compact-object
mass and mass loss in Giacobbo & Mapelli (2020).
These represent only a few of the binary evolution parameters that can possibly affect the parameter distribution and
merger rates of compact-binary populations. Besides the parameter variations described above, we anticipate that
mass transfer conservation and the stellar-type specific criteria for the onset of unstable mass transfer will have the
largest impact. In this study, we assume that mass transfer is limited to the thermal timescale of the accretor for stars
and limited to the Eddington rate for compact objects, and that angular momentum is lost from the system as if the
excess material is a wind from the accretor (Hurley et al. 2002). The onset of unstable mass transfer is determined as
10 Zevin, Spera, Berry, & Kalogera
in Belczynski et al. (2008) using critical mass ratios for a given stellar type: qcrit = 3.0 for H-rich stars (k? = 1–6),
qcrit = 1.7 for helium main sequence stars (k? = 7), qcrit = 3.5 for evolved helium stars (k? = 8, 9), and qcrit = 0.628
for compact objects (k? ≥ 10). A full exploration of parameter space is reserved for future work.
A.2. Remnant Mass Prescription
Here, we provide more details regarding the updated remnant mass prescription used in this study. To determine the
mass of compact remnants, we follow the Rapid and Delayed prescriptions described in Fryer et al. (2012). These allow
for the results of hydrodynamical simulations exploring the timescale of instability growth and launch of the SN to be
used directly in rapid population synthesis. Mass fallback is also accounted for in the determination of the baryonic
mass of the proto-compact object. As in Giacobbo & Mapelli (2020), we adjust the initial mass of the proto-compact
object to be 1.1M rather than 1.0M, as this better reproduces the typical masses of NSs in the Galaxy.
Following the determination of the baryonic mass of the remnant, the gravitational mass is calculated to account
for neutronization in the collapsing core. In Fryer et al. (2012), the gravitational mass of the remnant is calculated
differently for NSs and BHs. For NSs, the gravitational mass is calculated according Lattimer & Yahil (1989) based
on the neutrino observations of SN 1987A:
Mgrav =
20
3
[
(1 + 0.3Mbar)
1/2 − 1
]
, (A1)
where Mbar is the pre-collapse baryonic mass calculated as in Fryer et al. (2012). For BHs the mass reduction is
assumed to be a fixed percentage of the proto-compact object’s baryonic mass:
Mgrav = 0.9Mbar. (A2)
This leads to an increasing amount of mass loss when converting from baryonic to gravitational mass as function
of increasing BH mass. Since the true maximum NS mass is unknown and likely sensitive to other aspects of the
proto-compact object such as rotation, the delineation between these two prescriptions is typically determined by an
adjustable parameter for the maximum NS mass: mmaxNS .
There are two issues with this simple prescription that affect the compact-object mass spectrum. First, the final mass
of a BH remnant is a function of the total pre-collapse baryonic mass of the proto-compact object, though neutronization
is instead occurring in the iron core of the proto-compact object. Even for massive BHs and hot radiation-supported
cores, the iron core mass is . 5M (C. Fryer 2020, private communication). Hydrodynamical simulations show that
the mass loss from neutrino emission is ∼ 10% of this core mass rather than the total baryonic mass of the BH
progenitor (C. Fryer 2020, private communication). Second, using separate prescriptions for determining NS and BH
gravitational mass leads to an artificial gap in the mass spectrum; this artificial gap is different than the lower mass
gap and is apparent even when using the Delayed remnant mass prescription. For example, assuming mmaxNS = 2.5M
and 10% mass loss when converting from baryonic to gravitational mass in BHs, the most massive NS that can be
formed is 2.5M whereas the least massive BH that can be formed is 2.7M.
With these in mind, we update how the final gravitational mass of a compact object is determined:
Mgrav =

20
3
[
(1 + 0.3Mbar)
1/2 − 1
]
∆M ≤ 0.1mmaxFe
Mbar − 0.1mmaxFe otherwise
, (A3)
where ∆M = Mbar −Mgrav and mmaxFe is the maximum possible mass of the iron core, which we set to 5M. For
mmaxFe = 5M, the switchover in this conditional occurs at ' 3.1M. As shown in Figure 1, this update eliminates
any artificial gaps in the mass spectrum between NSs and BHs when using the Delayed SN mechanism.
B. LOCAL MERGER RATES
The mass fraction of binaries that are born at redshift z and merge as compact binaries in the local universe is
floc, i(z) =
Mi(z; zmerge < zloc)
Msamp
, (B4)
where Msamp is the total stellar mass sampled in the simulation, i represents the class of compact binary merger
(BNS, NSBH, BBH, etc.), Mi is the stellar mass that leads to merger type i, and zloc is the maximum redshift that
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we consider for local mergers, which we set to zloc = 0.01. COSMIC accounts for the total mass sampled in Msamp,
incorporating both the binary fraction and the mass contribution from lower-mass stars that do not lead to compact
binary formation. The number of mergers per unit volume that form in the redshift interval [z, z + ∆z] and merge in
the local universe is thus
∆Nloc, i(z) = ψ(z)floc, i(z)dtl
dz
∆z, (B5)
where ψ(z) is the star formation rate density and tl(z) is the lookback time at redshift z. We use Madau & Fragos
(2017) for the star formation rate density as a function of redshift,
ψ(z) = 10−2
(1 + z)2.6
1 + [(1 + z)/3.2]
6.2 M yr
−1 Mpc−3. (B6)
Integrating over all formation redshifts up to zmax = 15 and converting to the number of mergers per unit time gives
us the local merger rate density
Rloc, i = 1
tl(zloc)
∫ zmax
0
ψ(z)floc, i(z)
dtl
dz
dz =
1
H0tl(zloc)
∫ zmax
0
ψ(z)floc, i(z)
(1 + z)E(z)
dz, (B7)
with E(z) =
[
Ωrad(1 + z)
4 + Ωm(1 + z)
3 + Ωk(1 + z)
2 + ΩΛ
]1/2
. In practice, we discretize this integral with 1000
log-spaced redshift bins between zloc and zmax.
Each population is run at a single metallicity and allows all binaries to evolve for the entire age of the Universe,
allowing for rate calculations to be performed in post-processing. We simulate 16 log-spaced metallicities between
Z/200 and 2Z for each population model assumption. To account for metallicity evolution over cosmic time, we
use the mean mass-weighted metallicity as a function of redshift in Madau & Fragos (2017),
log10 〈Z/Z〉 = 0.153− 0.074z1.34, (B8)
and assume a truncated log-normal distribution of metallicities at each redshift with a dispersion of 0.5 dex (Bavera
et al. 2020) that reflects over boundaries at Zmin = Z/200 and Zmax = 2Z. The weights for each metallicity
model j at a given redshift p(Zj |z) (which are normalized to unity to account for our discrete metallicity models,∑
j p(Zj |z) = 1) are then folded into the rate calculation to give a local volumetric merger rate across all metallicity
models:
Rloc, i ' 1
H0tl(zloc)
∑
k
ψ(z¯k)
∑
j p(Zj |z¯k)floc, i(z¯k, Zj)
(1 + z¯k)E(z¯k)
∆zk, (B9)
where z¯k is the midpoint (in log space) of the k-th redshift bin and ∆zk is the size of the k-th redshift bin.
Local merger rates for each population model we simulate are shown in Table 1. In addition to BBH, NSBH, and
BNS rates for each model, we also give a Narrow rate for GW190814-like systems (defined as 0.06 ≤ q ≤ 0.16,
20 ≤ Mtot/M ≤ 30) and a Broad rate for GW190814-like systems (defined as q ≤ 0.2, Mtot/M ≥ 20).
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